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Abstract. If there are non-Newtonian components of 
gravity, now popularly dubbed the "fifth force," as several 
observations indicate, then the favored representation is in 
terms of Yukawa potentials with ranges that make them 
accessible to geophysical observation. We must now 
consider at least two Yukawa terms of opposite signs, so 
that the observed effects may be subtle. Measurements in 
different crustal structures (continental mines and 
boreholes, oceans and ice sheets) could help to resolve the 
details, but it is possible for fortuitous cancellations to 
invite misleading conclusions where measurements are 
made in a layer that is underlain by a much denser layer. 
However, with currently favored parameters of a pair of 
Yukawa terms, both ice and ocean measurements should 
give effects of the sign expected from mine measurements, 
but with amplitudes reduced by partial cancellation due to 
the layered structures. We also reexamine conventional 
interpretations of the mine gravity anomalies and reassert 
that uncertainties in density estimates must be discounted. 
A new inversion of the broad scale gravity anomalies in the 
area of the north Queensland mines that we have used 
confirms the earlier conclusion that the mine gradient 
anomaly is not a consequence of a regional free-air 
gradient anomaly, although this conclusion is not as secure 
as the dismissal of density error. 
Introduction 
The motivation for "fifth force" studies comes from 
particle physics. Success in unifying the theories of 
electromagnetism and the weak nuclear force and progress 
toward incorporation of the strong nuclear force in a grand 
unified theory (GUT) encourage the view that at some level 
all of the fundamental forces have a common quantum 
basis. But gravity presents difficulty. It has a geometrical 
explanation in general relativity with no indication of a 
quantum nature and if it is mediated by the exchange of 
gravitons they are not individually detectable by current or 
envisaged experiments. 
In referring to the fifth force we are considering the 
non-Newtonian gravitational interaction that appears to 
have been observed in geophysical experiments [Holding et 
al., 1986; Stacey et al., 1987] and is presumed to be 
composition-dependent, so that it is detectable also by 
experiments of the kind conducted by R. von E6tv6s about 
80 years ago [Fischbach et al., 1986]. It is a conveniently 
catchy phrase but may not be well chosen if, as we prefer to 
believe, we are seeing an aspect of gravity and not a new 
independent force. In fact there is a prior claim to the term 
fifth force for a particle effect that has not been observed 
but has strong advocates [e.g. Bjorken, 1987]. We believe 
that the phenomenon we are considering may be more 
properly described as quantum gravity, but this also means 
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different things to different people and its use meets with 
objections. 
Suggestions that the graviton may have finite range 
partners which will provide experimental clues to the 
unification puzzle have been gathering strength slowly for 
20 years. Gibbons and Whiting [1981] summarized the 
arguments. We suggest that of particular interest are the 
ideas pioneered by Scherk [1979] and pursued by Goldman 
et al. [1986], whose notation we follow here (but see also 
Peccei et al. [1987] for an interestingly different approach). 
They argued that new forces should not be considered 
singly but in pairs, with opposite signs, i.e., one repulsive 
and one attractive, and nearly mutually cancelling. 
Considering one pair, they generalized the Newtonian 
gravitational potential of a point mass m at distance r to the 
form 
V= r 1- +b (1) 
The first term is the conventional Newtonian one, and 
Goo is the value of the gravitational constant effective at 
long range, r >> v, s, at which the second and third terms 
vanish. The attractive Newtonian potential is a tensor field 
mediated by spin 2 gravitons of zero mass and infinite 
range. The added terms are of Yukawa form, representing 
forces of finite ranges, v and s, corresponding to the masses 
mv and ms of the vector (spin 1) and scalar (spin 0) partners 






2xh, is the Planck constant and c is the speed of light. It is 
a characteristic of vector fields that they cause repulsion 
between similar particles, as does electromagnetism, which 
is mediated by (spin 1) photons, but the scalar field is 
always attractive, so that a and b in (1) are both positive 
constants for normal (matter-matter) interactions. A 
particular interest of the Goldman et al. [1986] argument is 
that a reverses in sign for matter-antimatter interactions and 
this is the rationale for antiproton and positron gravity 
experiments. 
Our initial interest in this problem was stimulated partly 
by a prediction by Fujii [1971] of a single Yukawa term 
with a strength one third of normal gravity and a range of 
10 to 1000 m. We were aware of geophysical observations, 
especially of gravity in mines, that disallowed these values, 
although an anomalous vertical profile of gravity in a deep 
trench in the Mediterranean by Drake and Delauze [1965] 
did appear compatible with such an extreme departure from 
normal gravity. The interest of experimenters was 
provoked also by a report [Long, 1976], now refuted by 
later work [Chen et al., 1984; Hoskins et al., 1985], that a 
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slight departure from the inverse square law was perceptible 
on a laboratory scale. 
The range(s) of the new force(s) predicted theoretically 
is (are) quite unclear and the scales of laboratory 
experiments are very restricted (-0.05 to 1 m). Conversely 
satellite and planetary orbits impose very tight constraints 
on any inverse square law breakdown in the range 107 m to 
10 r3 m. It has never been very clearly pointed out (but see 
the following section) that suitable geophysical 
observations can fill the entire gap between 1 and 107 m, at 
least to the extent of determining whether the laboratory 
and planetary values of the gravitational constant coincide. 
If we suppose that v and s in (1) have values between (say) 
10 and 106 m, then planets observe Go, but laboratory 
experiments determine Glab = Go,(1 - a + b). We are 
seeking observations that will tell us clearly whether (b- a) 
•:0. 
In the late 1970s we began a series of experiments to 
measure the gravitational constant on as large a scale as 
possible, to maximize the chance of finding any 
discrepancy with the laboratory-measured value, 
Glab '-6.6726(5)x 10--11 m 3 kgq s-2 [Luther and Towler, 
1982]. This was partly an exercise in retracing history 
because the earliest measurements of G were geophysical 
(see Poynting [1894], or Bullen [1975] for early history). If 
the conclusion about the existence of a non-Newtonian 
force had been clearly negative the experiments would have 
finished sooner, but a small consistent discrepancy survived 
all improvements in the data and by the mid-1980s it 
obviously had to be taken seriously. The most successful of 
our observations were those using measurements of gravity 
in kilometer-deep mines. The final results of that series of 
experiments were reported by Holding et al. [1986] and a 
review of geophysical investigations of the fifth force, as of 
mid-1986, is by Stacey et al. [1987]. 
Early in 1986 a new hint that the nagging discrepancy 
might be real appeared with the reanalysis by Fischbach et 
al. [1986] of the classical data by E6tv6s et al. [1922] on 
the equivalence of inertial and gravitational mass. This 
revealed a statistically significant correlation between the 
apparent gravity differences between pairs of chemically 
different materials and their average nuclear mass defects 
or excesses. It implied that a component of gravity acts not 
upon mass per se but on the fundamental particles present 
in a body (whereas normal gravity acts on the total mass, 
taking account of mass defects and excesses arising from 
nuclear binding energy). By identifying this component 
with the finite range force inferred from the geophysical 
observations, Fischbach et al. [1986] explained how the 
terrestrial E6tv6s experiments could demonstrate an effect, 
whereas the later and more precise solar E6tv6s 
experiments [Roll et al., 1964; Braginski and Panov, 1972] 
gave a null result. The discussion was confused by errors 
and misunderstandings which attracted heated comment, 
but the correlation in the E6tv6s data remains, and the 
effect has been to project the possibility of non-Newtonian 
gravity, or a fifth force, into the scientific limelight. There 
are now more than 40 new experiments on the fundamental 
nature of gravity, the first of which have already yielded 
published results [Thieberger, 1987; Stubbs et al., 1987; 
Adelberger et al., 1987; Niebauer et al., 1987; Boynton et 
al., 1987; Hsui, 1987a, b; Eckhardt, 1987; Eckhardt et al., 
1988; Romaides et al., 1987, 1988]. 
Particularly significant is the anomalous behavior of 
gravity measured up a 600 m TV tower by the U.S. Air 
Force Geophysics Laboratory [Eckhardt, 1987; Eckhardt et 
al., 1988; Romaides et al., 1987; 1988]. These observations 
indicate dominance of an attractive Yukawa term above 
ground, whereas the mine results of Holding et al. [1986] 
require dominance of a repulsive term. The two data sets 
can be reconciled only by considering at least a pair of 
Yukawa terms, as in (1), which therefore receives strong 
observational support. 
A particular purpose of our paper is to draw attention to 
problems that arise when (1) is used to interpret gravity 
observations in crustal structures with strong density 
contrasts, as in the ocean or a continental ice sheet. We 
also reexamine the possibilities of a conventional 
explanation of the anomalous mine observations and 
present a new analysis of the bias attributable to regional 
gravity anomalies. 
Terrestrial Gravity with Yukawa Interactions 
While we recognize that Yukawa terms must be taken 
in pairs, as in (1), it is mathematically convenient to 
consider first the gravity gradient given by a single Yukawa 
term with the large scale density structure of a realistic 
earth model. Following Stacey, Tuck, and Moore [1987] 
we write the contribution to gravity at or above the Earth's 
surface arising from a Yukawa potential of amplitude ct 
(corresponding to -a or b in (1)) and range )• 
(corresponding to v or s). This is written as a sum of three 
terms, Ag 1, Ag2, and Ag 3, due to the core (1), mantle (2), 
and crust (3). Below the surface, Ag 3 is replaced by a 
different form, Ag3'. 
Agl = r2 .ctf •1 e-r/)• 
cosh 
GooM2 2c0• 2 
Ag2 = 2 ß 2 
r (R 2 - R12 ) 
(4) 
• GooPc 




Ag3 - 2 Ct 
r 
R23 (6) 
where R1, R2, and R 3 are the outer radii of the core, mantle, 
and crust, respectively, M1 and M2 are the masses of the 
core and mantle, and Pc is the (local) crustal density. The 
distance from the center of the Earth is r. The function f is 
fix) = 5 (x cosh x - sinh x) (7) 
x 
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These equations assume that the core is sufficiently distant 
from all observations to be treated as a uniform sphere and 
that the mantle has a density inversely proportional to 
radius (which gives gravity within the mantle independent 
of radius, a close approximation for all recent earth 
models). As Stacey et al. [1987] point out, observations are 
insensitive to the crustal density distribution in remote areas 
(assuming that all radii are referred to the center of mass), 
and it is the local crustal density Pc that is of interest. 
Ellipticity corrections can be neglected here because we are 
considering only the form of a possible small departure 
from conventional gravity. Ellipticity must be accounted 
for in the Newtonian gravity terms, as in the papers by 
Stacey et al. [1981], Dahlen [1982] and Rapp [1987]. 
We have a particular interest in the radial variation of 
gravity, obtained by differentiating these equations with 
respect to r 
dr - r3 (xf 2+2•+ (8) 
d(Ag 2) GooM2 2tx•, 2 
dr - r 3 ' 2 2) 
- 
(9) 
d(Ag3) •n GooPc (x 
dr r 3 
r•-21 e-fiX x 2+2•+ (10) 
d(Ag 3 ') 
dr r3 e -R3/Xr3 
- R23 f [•-•1 [2 + •+] e --r/•} (11) 
It must be noted that in these equations, Go,, M•, and 
M2 must all be treated as being unknown, although the 
product Go, (M• + M2 + M3), where M3 is the mass of the 
crust, is very precisely known from lunar and satellite 
accelerations and (M• + M2) >> M3. Stacey, Tuck, and 
Moore [1987] also pointed out that the ratio M2/M• = 1.946 
from recent earth models is insensitive to assumptions 
about the gravitational constant. 
Now compare (10) and (11) in the special condition 
r = R 3, that is, the Yukawa term in the gravity gradient just 
inside and just outside the surface. Taking the difference, 
we obtain 
Y r= R 3 
(12) 
independently of any assumption about he magnitude of •.. 
If we consider several Yukawa terms, we obtain the same 
result, but replacing t• by •. Equation (12) gives 
precisely the difference between the values of the gradient 
discontinuity at the surface calculated by Newtonian 
physics, assuming Goo and the short range laboratory- 
measured value of the constant, G lab, that is, 
A[•r] =4nGlabP c -4nGooPc (13) Y 
because 
Gla b = Goo (1+ ,•lx) (14) 
This is an important result. It tells us that when we add 
(12) to the Newtonian contribution to the gradient 
discontinuity (calculated as the double-Bouguer increment 
using G o o), we obtain precisely the value expected from 
G lab. It is an illustration of a general conclusion that we 
cannot, in principle, identify a Yukawa term of range 
without making measurements on a scale at least 
comparable to •.. The gradient discontinuity necessarily 
gives G lab. However, the absolute value of gradient is 
anomalous if (x is nonzero, and to examine this problem in 
a general way we need the complete equations (8) to (11). 
Figure 1 is a plot of the anomalous (fifth force) 
contribution to gravity gradient as a function of both height 
and depth to 5 km each way, calculated from (8) to (11) for 
a wide range of values of the parameter •., assuming 
ix=-0.01 for a single Yukawa term added to normal 
gravity. Since o: •: 0, Good: Glab, and there is therefore an 
added Newtonian component of the anomalous gradient, 
-4nGhb Pc (x/(l+tx), which appears as the asymptotic value 
below the surface for short 3, These curves illustrate the 
continuity of the gradient anomaly through the surface. 
They also demonstrate the point that below the surface the 
gradient is anomalous for all values of •., even those much 
greater than the depth of penetration, and that it increases 
with depth, whereas above ground the anomaly fades 
approximately exponentially away from the surface. The 
value (x =-0.01 was chosen simply because it is indicated 
by the mine results of Holding et al. [ 1986]. Since we now 
favor at least a pair of Yukawa terms, this value is 
illustrative only, and the gradients cale according to 
As Stacey et al. [1987] pointed out, for a single Yukawa 
term with (x =-0.01, •. >- 1500 m is inadmissible, so that 
the curves for larger values of •. in Figure 1 represent the 
sensitivity to each of two (or more) terms that must be 
assumed to be substantially mutually cancelling. The 
important thing to notice is that unless by virtue of 
particular local conditions the forces happen to cancel, 
subsurface observations indicate the presence of 
non-Newtonian gravity of any range between the laboratory 
scale and the size of the Earth, or more specifically the 
scale at which the product (GM) is determined. For larger 
scale forces the terrestrial and laboratory observations see 
the same gravitational constant and no anomaly could be 
apparent. Thus the geophysical observations are essentially 
a test of the possibility that Go, ;e G lab, where Go, is defined 
as that G applicable to a scale of 107 m, and Ghb, to about 
0.1 m, without offering an indication of the nature of the 
force(s) that may be responsible. 
Figure 1 demonstrates that if there are two force. s_of 
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Fig. 1. Variations in anomalous vertical gradient of gravity with height and depth for a single Yukawa 
potential with amplitude 1% of normal gravity and several ranges, •,, obtained from the simplified earth 
model of Stacey, Tuck, and Moore [ 1987]. 
similar strengths but different ranges, then the shorter one 
generally dominates observations below ground, and the 
longer one, above. We therefore explain the combination 
of mine and tower observations in terms of (1) with s > v. 
More specifically, the mine data suggest 
a- b = 0.007 (15) 
and the tower data favor 
bs- av = 5 m (16) 
which is well within the limit imposed by the comparison 
of satellite and surface gravity data [Stacey et al., 1987]. 
The curves of Figure 1 assume the earth model of Stacey, 
Tuck, and Moore [1987], which has a 35 km crust of 
uniform density 2750 kg m-3 overlying a mantle with 
graded density and was intended to approximate the 
structure beneath the north Queensland mines [Holding et 
al., 1986]. Modest departures from it do not materially 
affect the result but we are also interested in quite different 
local crustal structures, specifically, a layer of sea water or 
of ice, within which gravity measurements are made and 
which overlies a half-space or layered structure of density 
at least twice as great. The sea water situation is the one 
envisaged by Stacey [1978] for a geophysical determination 
of G. Although relevant data from the exploration industry 
have been analyzed [Stacey and Tuck, 1981; Stacey et al., 
1987], there are not yet any marine measurements made 
specifically to examine the fifth-force problem, and this 
remains the most needed development in the subject. 
Meanwl•ile, the ice borehole experiment of Ander et al. 
[1986] and Chave et al. [1987] is at the data processing 
stage, and it is therefore important to consider in detail the 
effect of multiple Yukawa terms in such a layered structure. 
Stacey et al. [1987] pointed out that in the special case 
of a layer of water, density p•, overlying a half-space of 
density P2 = 2p•, the Yukawa terms happen to cancel in the 
general expression for the gravity difference between the 
top and bottom of the water. This situation is of practical 
interest because in some areas, notably the Gulf of Mexico, 
it is possible to find sea floor sediment several kilometers 
thick, that is, having a depth that may be greater than either 
the water depth or plausible Yukawa term ranges, so that 
the half-space assumption is a valid approximation, and the 
sediment density is close to twice that of sea water. In this 
situation a sea floor- sea surface gravity comparison 
provides a direct measure of G•o. This consideration made 
very attractive a failed proposal, jointly with staff of Texas 
A and M University, for bathyscaphe measurements of 
gravity in the Gulf of Mexico. 
We consider here three simple crustal models 
approximating experimental situations of interest. In all 
cases we treat the mantle as a homogeneous half-space of 
density 3400 kg m-3 underlying the crust. The crustal 
models are: (1)The mine and borehole situation with a 
uniform crust of thickness 35 km and density 2750 kg m-3, 
(2) The Gulf of Mexico situation with water of depth 4 km 
and density 1027 kg m-3, overlying 4 km of sediments of 
density 1900 kg m-3 and a further 5 km of crustal rock of 
density 2900 kg m-3, with the top of the mantle at 13 km, 
(3) The ice borehole situation in which density is 920 kg 
m-3 down to 2000 m and 2800 kg m-3 from there to the 
mantle at 35 km. 
In the general case of a crustal model with n layers and 
observations of gravity to depth z in the first layer (which 
may equal its total thickness H0, we may write the average 
gradient anomaly over depth z as 
n [ A =2•:Gooa 2Pl +•• pj e -e- j=l 
+e -e (17) 
where Hi, Hi__ • are the depths of the bottom and top 
respectively ot• the jth layer and p j is its density. In the 
present case we put H n = % since the final layer, the 
mantle, is treated as a half space, and note that Ho = 0, 
being the surface. The first term in (17) is the Newtonian 
contribution to the gradient anomaly because non-zero c• 
causes a difference (G•o(x) between G lab and G•o. The 
average gradients calculated by (17) are plotted in Figure 2 
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Fig. 2. The anomaly in average gravity gradient from the surface to the indicated depths in each of three 
crustal structures (specified in the text) for a single Yukawa term of strength 1% of normal gravity. 
for the three models above and for two depth ranges for 
each model. The fine structures in these curves can be read 
from the numerical values in Table 1. A general 
observation is that for very short •, only the surface layer is 
significant and that for very long •, the deep structure 
dominates. 
By (15) and (16) the weaker of two opposing Yukawa 
terms has the longer range, so that we can use the results in 
Figure 2 and Table 1 to examine the possibilities of 
fortuitous cancellation of effects. This occurs, at least 
partially, if the crustal effect in Figure 2 gives a relatively 
stronger effect for the longer range force, as for ranges 
exceeding 10 to 20 km in the mine structure, or 1 to 2 km 
in the ocean structure, depending on the depth over which 
the gradient is taken. It occurs for ranges exceeding about 
500 m for the 1 km ice gradient but for all ranges if the full 
depth of ice is used. If the preferred parameters of (1) are 
assumed, with ranges of 50 to 100 m, then we find that for 
the 2 km ice profile the gradient is reduced to -4.6 x 
10-9 s-2 and for the 4 km ocean profile to -6.2 x 10-9 s-2 but 
does not vanish or reverse in sign. (Note that all values are 
negative because a appears with a negative sign in (1) and a 
> b.) Obviously the chosen parameters are not very secure, 
so we can only observe that there is a tendency for the 
crustal structure to produce an intrinsic cancellation of the 
sought effect in the ice borehole situation and to a lesser 
extent in the ocean. Data from ice and ocean experiments 
will require considerable care in interpretation. 
The Density Error Problem 
Equations such as (17) refer to a discrepancy between 
an observed gravity gradient at depth and the value 
expected from Newtonian physics using G lab- They are 
generalizations of the gravity residuals considered by 
Holding et al. [1986] and Stacey et al. [1987]. It is well 
recognized that there are three possibilities for conventional 
explanations of these discrepancies, which are, in order of 
increasing difficulty, (1) errors in gravity measurement, (2) 
errors in local density determinations, and (3) irregularities 
in gravity gradient (specifically the free-air gradient) 
arising from deep internal inhomogeneities. There is also a 
question of topographic orrections, which we couple with 
error (3) in our discussion. The relative significance of 
each is seen in the equation for gravity gradient in the 
simple non-rotating spherical earth approximation (ignoring 
non-Newtonian effects) 
•z = 2--•r- 4nGp = 4nG[• •- p I (18) 
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TABLE 1. Average gradient anomalies over different depths in three crustal 
structures for a single Yukawa term of amplitude cz = 0.01 and range 
•, = 10 to 2 x 105 m 
•,(m) Mine, Mine, Ice, Ice, Ocean, Ocean, 
0-1 km 0-4 km 0--1 km 0--2 km 0--1 km 0-4 km 
10 23.175 23.262 7.753 7.812 8.655 8.697 
20 23.059 23.234 7.714 7.833 8.611 8.695 
50 22.709 23.146 7.597 7.894 8.481 8.690 
100 22.127 23.001 7.403 7.995 8.264 8.682 
200 20.978 22.709 7.029 8.199 7.834 8.666 
500 18.257 21.837 6.574 8.790 6.822 8.617 
1000 15.930 20.434 7.181 9.550 6.068 8.557 
2000 14.1•27 18.257 8.526 10.362 6.030 8.674 
5000 12.739 15.279 10.171 11.146 7.716 9.800 
10000 12.297 13.795 11.021 11.562 9.774 11.210 
20000 12.423 13.266 11.832 12.125 11.604 12.474 
50000 13.142 13.523 12.936 13.065 13.134 13.528 
100000 13.653 13.855 13.558 13.626 13.738 13.945 
200000 13.991 14.096 13.946 13.981 14.061 14.167 
The unit is 1 E6tv6s = 10-9 s-2. 
where p is the density of the layer encountered at depth z 
(radius r) and •-is the mean density of the Earth (inside r). 
The first term on the right hand side is the free-air gradient, 
and the second is the double Bouguer gradient for this 
simplified model. 
The first of these error sources is the least of the 
problems if p is not too small. In the ideally simple case, 
p = (2/3)•---3677 kg m-3, the gravity gradient would be 
zero, and measurement of this gradient would require only 
a null detection, that is, a gravity meter sensitive to small 
variations but not necessarily calibrated. That is not a 
realistic case, but the rocks surrounding many mines and 
boreholes have densities that are high enough for dg/dz to 
be less than 25% of the free-air gradient, so that the two 
terms on the right hand side of (18) are nearly equal and 
opposite. A 1% error in the measurement of dg/dz would 
lead to a consequential relative error in (Go) that is only 
0.3%, and there is no difficulty in ensuring that the gravity 
meter calibration is much better than this. In water or ice 
the situation is less, favorable because the measured gradient 
is 70 to 75% of the free-air gradient (2g/r -- 3.08 x 104 s-2 
=0.308 mGal/m) and (Go) must be determined as a 
difference between two larger quantities, both of which 
need to be known much more accurately. In this case, a 1% 
error in dg/dz causes a 2.7% error in (Go), approximately a
factor of 10 worse, when expressed as a percentage rror, 
than in the case of mine measurements. Nevertheless, this 
is a completely understood and controllable instrumental 
problem, and, given sufficient care, it appears possible to 
measure dg/dz in an ice borehole, or equivalently, dg/dP in 
the ocean, where P is pressure, with sufficient precision to 
reduce the consequential uncertainty in (Go) to 0.1%. 
Errors iri G corresponding to absolute gradient errors, or, 
equivalently, uncorrected free-air anomalies, are shown in 
Figure 3. 
The density problem, that is, the problem of obtaining 
an accurate and appropriately averaged value of rock 
density in mine measurements of G, is the one to which we 
have given closest attention over several years, because 
when the first carefully documented, anomalously high 
values of G were obtained, the most likely conventional 
explanation appeared to be systematically low values of p. 
With respect to the north Queensland mine data we are now 
clear that this is not responsible for the high value of G 
obtained from these data. This claim was made by Holding 
et al. [1986] and Stacey et al. [1987] and is more 
thoroughly documented in the discussion below, to counter 
suggestions by Chave et al. [1987] (see also Eos Trans. 
AGU [1987]) and Kim et al. [1987] that our density 
measurements were inadequate. Nevertheless the relative 
simplicity and reliability of density measurements in a 
homogeneous layer is a strong incentive to G 
determinations in water or ice, in spite of the fact that such 
determinations suffer greater difficulties with respect to the 
other two error sources. Better would be a gravity profile 
in an extensive evaporite layer which could be both 
homogeneous and pore-free and have higher density than 
ice or water. 
We identify the density problem as that concerned with 
the determination of density down to the maximum depth of 
gravity measurement. Irregularities in density at greater 
depths, where the materials are inaccessible to direct 
sampling, are considered in the following section in terms 
of the free-air anomalies that they cause. 
It is obvious from (18) that an error in the determination 
of p causes the same percentage error in estimating G, but 
the effective value of p is a weighted average of the 
densities of rocks over a wide area, with decreasing 
emphasis at greater distances. The accuracy with which the 
density structure must be known is greatest for rocks close 
to the gravity profile, and no information at all is needed 
about remote structures (given that the center of mass of the 
Earth as a whole is clearly defined). Stacey et al. [1987] 
considered this problem in terms of a hypothetical density 
structure that was precisely known out to radius r but 
systematically in error by a fraction f at all greater 
distances. Then assuming z << r, where z is now the range 
of depths over which the gravity gradient is obtained, the 
second term of (18) can be written 
z (1 + f)] -4•r Gp 1-2• - (19) 
This is a binomial expansion in which the term in (z/r)2 
vanishes identically and higher order terms are not needed. 
It follows that the fractional error in estimating G is fz/2r, 
or, if we consider the gravity gradient to be obtained from a 
linear regression of gravity data equally spaced down the 
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Fig. 3. The error in G determination due to an error in either the measured gravity gradient or the 
estimation of the free-air gradient. The broken line marks the 0.1% level which should be the target 
accuracy for experiments but is seen to be difficult to attain, especially in sea or ice experiments. The 
magnitude of the anomalous gradient in the mines at Hilton ani:t Mount Isa is also marked. 
range z, it becomes 3fz/8r. If we assume that f is really 
gross, say 10%, but we require G to 0.1%, then r > 37.5z. 
This indicates the distance beyond which only a very 
general idea of geological structure suffices but within 
which greater detail is required. 
The method used by Holding et al. [1986] to analyze 
the effect of the local density structures of the north 
Queensland mines was to assume the average density in a 
layered structure calculation and to apply corrections for all 
localized departures from the average. The boundaries 
between the several rock types were well located by 
numerous diamond drill cores, so that this procedure 
effectively converted the calculation to a full 
three-dimensional inversion of the density structure, and 
the uncertainty in G arising from density errors was simply 
due to inaccuracy in obtaining the average in situ densities 
of the several rock types. 
There are three contributions to the density uncertainty, 
arising from the precision of individual density 
measurements of core samples, adequacy of sampling of 
inhomogeneous rocks, and any allowance for dilation by 
release from overburden pressure. Measured densities were 
obtained from 2300 core samples at Hilton and more than 
12000 at Mount Isa. Individual values were recorded to 
+10 kg m-3, that is, a possible 0.36% error. Statistically, 
this measurement error would have been improved 
dramatically by the massive sampling, but we cannot be 
completely sure that there was no systematic measurement 
error of this order, so this is the admitted uncertainty. The 
sampling adequacy is, however, important in accounting for 
the density variability within each rock type. This 
variability was slight except within the mineralized zones 
of the mines themselves and it was the availability of a 
1000 m shaft remote from the mineralized zone of the 
Hilton mine that allowed us to assert that the density 
problem had been beaten [Holding et al., 1986]. We are 
therefore concerned with the sampling statistics of rock 
bodies for which the individual sample standard deviations 
were between 30 and 110 kg m-3, with several hundred 
samples from each of the important geological units except 
one, for which there were 75 samples. If all the sample 
densities are uncorrelated then the standard deviations of 
the means are all close to 3 kg m-3. Unfortuhately, the 
cores were not all evenly spaced, having been selected 
partly by mining company interest in detailed structure as 
well as the need to survey the broad structure, but we tested 
the statistical adequacy of the sampling in two ways. The 
average correlation between successive samples from the 
same core (typically 3 m apart) was very small (and for 
some cores slightly negative). We also took separate 
averages of the samples from each of several drill holes 
penetrating the more important (larger and closer) rock 
units, and these hole averages were all within 10 kg m-3 of 
the whole rock averages. We are therefore erring on the 
side of caution by admitting a total density uncertainty of 
10 kg m-3 and claim that this is the maximum plausible 
error. Indeed, the accuracy in modelling density 
inhomogeneities is attested by the small scatter of data in 
Figure 4a. Only a systematic effect can explain these 
observations. 
The rock dilation problem was considered by examining 
the porosities measured by staff of Mount Isa Mines Ltd. 
for some of the core samples used for the density 
determinations. Only in the top 80 m of rock was the 
porosity sufficient to be of concern (i.e., more than 1%) and 
we were aware that density determinations for the 
shallowest rocks were unsatisfactory anyway. This means 
that we should probably disregard the surface data point of 
the gravity profile, because it cannot be connected reliably 
to the others. However, below 80 m the porosity was 
everywhere low (generally 0.5%) except in sheared zones 
of the ore-bearing Urquhart Shale, for which a simple 
correction was available by comparing the gravity profiles, 
one through the shale and the other well removed from it. 
The lower-density fractured rock was not represented in the 
core samples, so that by neglecting it in the density 
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Fig. 4a. Gravity residuals from the Hilton mine [Holding et al., 1986] with theoretical curves derived 
from a pair of Yukawa terms (equation (1)) with alternative parameter sets selected to bracket both these 
data and those from the tower experiment, plotted in Figure 4b. For both curves, a = -1. For the solid 
curve, v=100m, b = 0.9957, and s = 106 m. For the broken curve, v=500m, b=0.998, and 
s = 518 m. The crustal density is 2750 kg m-3. 
determinations the densities would be biased high, which is 
the wrong direction to explain the anomalous G values but 
is in any case still within the admitted range of uncertainty. 
We are more concerned to argue that the very slight 
porosity of the measured samples indicates that dilation by 
release from overburden pressure and consequent 
underestimation of in situ density are not significant. 
Pore closure by pressure is well observed in laboratory 
measurements of acoustic velocity in a wide range of rocks 
and is seen to be substantially complete at 1 kBar or so, 
which corresponds to a depth of about 3.7 km. It is useful 
to see the direct confirmation of this in dimensional 
measurements of compressed rocks by Brace [1965]. The 
initial effect of pressure is strongest, and in hard rocks of 
low porosity, such as those we are concerned with, it 
corresponds to complete pore closure by about 500 Bar 
(5 x 107 Pa). At the average depth of our mine data 
(500 m) we therefore generously estimate the degree of 
pore closure as 25%, that is, the laboratory densities 
underestimate the in situ densities by 25% of the fractional 
pore volume observed in the laboratory, or about 0.125%. 
To this we may add the effect of water filling the pores 
(with rhaterial 1/2.75 times the rock density) which 
contributes a further 0.135% to the density if the pores in 
the rock surrounding the mine are saturated. However, the 
pumping of the mine removes the ground water from an 
extended cone around it, so the ground-water correction is 
certainly less than this. We should allow a total of not 
more than 0.2% for the systematic underestimation of in 
situ density arising from porosity. 
This is a just significant correction, but it is 
compensated by the systematic overestimate of density 
arising from neglect of the fractured zones that are not 
represented in core samples. The fraction of rock that is 
fractured is very variable and generally concentrated at 
boundaries between rock types but is high only in the 
ore-bearing Urquhart Shale, where we corrected for the 
uncertainty by comparing gravity profiles through it and 
remote from it, and in a narrow contact zone between the 
gravitationally important Native Bee Siltstone and 
Breakaway Shale. In each of these formations the fraction 
of broken rock averages about 2%, and the density 
decrement relative to the well measured competent rock is 
estimated as 10%, just cancelling the 0.2% correction noted 
above. 
We conclude that density uncertainty is not adequate to 
explain away the high values of G from north Queensland 
mines. There is a somewhat better prospect of finding an 
error in the free-air gradient. 
The Free-Air Gradient Problem 
In (18) the first term on the fight hand side is the 
theoretical free-air gradient for an ideal, spherically 
symmetrical, non-rotating Earth. Inclusion of ellipticity 
and rotation complicates the equation but is a detail that is 
well documented [Stacey et al., 1981] and presents no 
doubt or difficulty. The uncertainty in this term arises from 
local or regional ma• irrem]laritie• that are. too deen to 
observe directly and therefore cannot be treated as part of 
the density problem but must be inferred from gravity 
surveys. Fortunately, the masses themselves do not 
formally enter the problem, because free-air gradient can 
be uniquely determined from a gravity survey, but in 
practice it is difficult to obtain adequate data for a 
completely satisfactory solution. In any case, it is 
conceptually easier to discuss the problem in terms of mass 
distributions that are compatible with gravity surveys, and 
no error can arise from doing so, because all mass 
distributions that would be capable of causing a particular 
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gravity anomaly pattern have the same effect on free-air 
gradient. 
An error in either the free-air gradient or in the 
measured gradient has the same effect on the determination 
of G. It is directly calculable from (18), as in Figure 3. 
This shows the advantage in making measurements in a 
dense layer. If difficulty with density is not the overriding 
problem and doubt about free-air gradient is more serious, 
which is our experience, then well controlled mine measure 
ments have a clear advantage over sea or ice measurements. 
However, the possibility of making an array of 
measurements at sea or even a sea floor survey solves both 
problems. 
Consider the gradient of the gravity residual data in 
Holding et al. [1986] which is 
=- 1.6x 10 -8 s -2 Mine =-1.6 mGal/km (20) 
If this is to have a conventional (Newtonian) explanation, it 
requires an anomalous free-air gradient of the same 
magnitude (as marked on Figure 3), which is entirely 
plausible, so that the possibility requires close examination. 
Such a gradient could be produced by a mass deficiency 
below the mine. If we suppose that it is spherical and has a 
magnitude M(kg) centered at depth z(m) directly below the 
mine, much greater than the depth of the mine, as it must 
be to produce the observed regular gradient anomaly, then 
2GM/z 3 = A(dg/dZ)Mine (21) 
or 
3 
M =-120 z (22) 
corresponding to a density deficiency of 29 kg m-3 uniform 
through a sphere of radius z. Such a mass would produce at 
the surface a gravity anomaly 
where 
fig = A(dg/dZ)Min e z/2 =-A z(m) (23) 
A = 8 x 10-9s -2 
Since we must consider z to be tens of kilometers (say 
3 x 104 m) to produce the observed gradient, 
I/Xgl •2.5 x 10•4 m s-2 (25 mGal) with a characteristic 
surface dimension of order 25 km. Gravity anomalies of 
this strength and scale certainly occur in the area and 
therefore require detailed interpretation. 
On a local scale the geological structure of the Mount 
Isa- Hilton area is dominated by north-south trends, and 
the essential gravity information is indicated by east-west 
profiles. On a regional scale the same trend is apparent on 
the free-air anomaly map of Australia [Wellman, 1979], but 
not as strikingly, and we do not assume a two-dimensional 
structure. The scales of the two data sets that we refer to 
are quite different, and our methods of using them are 
correspondingly different. We do not have data suitable for 
a single complete analysis of the free-air gradient problem, 
and the procedure that should be adopted in an ideal 
situation is the subject of continuing study. Thus the 
residual doubt about adequacy of the local gradient 
anomaly correction is the reason for the continued caution 
in accepting the mine data as evidence of non-Newtonian 
gravity. 
The finest-scale details of the surface gravity surveys 
(50 m spacing of data) reflect irregularity in the pattern of 
leaching of surface rocks, which extended in limited 
patches, down to a depth of 90 m. This information was 
used to apply corrections to the vertical profiles of gravity 
in the same way as terrain corrections were applied, but this 
was a relatively superficial process and had little effect 
even on the shallow gravity data. To seek evidence of a 
larger scale bias of free-air gradient from the same data, it 
was necessary to filter out the higher spatial frequencies 
because high-frequency noise blows up in the calculation 
of gravity anomalies at depth from surface data. 
Corrections were applied for the well-known density 
variations down to 1500 m depth, permitting the assumption 
of a homogeneous layer for the conventional downward 
continuation of the gravity pattern to 1000 m depth. The 
corrected gravity profiles were Fourier analyzed (in one 
dimension, east-west, assuming no north-south variation), 
and each Fourier component, wavelength 2•/k, was 
multiplied by exp(kz) to obtain its amplitude at depth z. 
This permitted a choice in the application of a spectral 
cutoff before summing the Fourier terms to reconstitute the 
gravity anomaly profile at depth and several cut-offs were 
tried; noise became significant at kz = 2. As mentioned by 
Holding et al. [1986], the effect of applying this correction 
to the vertical gravity profile was to increase, but 
nonsignificantly, the vertical gradient anomalies in the 
mines at both Mount Isa and Hilton. However, the 
adequacy of the data was less than completely convincing, 
as wavelengths longer than those sampled could have been 
important, and we present here the results of examining 
much larger scale data. 
First, we note that the regularity of the anomalous 
gradient in Figure 3 of Stacey et al. [1987] and Figure 4a of 
this paper is suggestive of a large scale cause or regional 
gravity anomaly. We can therefore take a simpler approach 
than in conventional downward continuation and calculate 
directly the anomaly in free-air gradient implied by the 
regional gravity anomalies, without concern for the height 
or depth at which the vertical gradient is calculated. 
If the gravity pattern over the surface is completely 
specified, then gravity everywhere above the surface, in 
particular, the free-air gradient, is also specified. Thus if 
we identify a distribution of surface density, (5, that exactly 
reproduces the gravity anomaly pattern, we can calculate 
the free-air gradient anomaly in terms of it. Consider an 
element of area dS with anomalous surface density (5 at 
radial distance r from the coordinate origin. Immediately 
above it the gravity anomaly is 
Ag S = 2•:G(5 (24) 
independently of the gravity anomalies elsewhere on the 
plane. Now at a point at height h above the origin the 
gravity due to the element of mass ads is 
G (5 dSh Ags h dS 
d(Agh) = h2) 3/2= 2•' h2) 3/2 (25) (r 2 + (r 2 + 
and differentiating with respect to h, we obtain the 
contribution to the anomalous gradient 
= ' 5/2 dS (26) 
2• (r 2 + h 2) 
l0,584 Stacey et al.: Geophysical Considerations in the Fifth-Force Controversy 
For most of the analysis we are interested in the condition 
r >> h, in which case this reduces to 
h-•0 -- 2g r 3 (27) 
which is a very simple form to integrate numerically over 
the anomaly pattern Ag S. 
We now divide the area into concentric rings of equal 
weights and integrate their effect by (27) except that we 
isolate an inner circle, radius R 0, that must be treated by (26) because of the singularity at r = 0 with (27). Putting 
dS = 2•crdr and integrating from R k to Rk+ 1, 
a = xg-s [-Rk+ 1 h-•0 (28) 
where • is the effective average anomaly between radii S 
R k and Rk+ 1. We therefore estimated the average gravity 
over a series of tings whose inner and outer radii are 
reciprocally related so that 
1 1 1 1 1 
........ (29) l•0 1•11 •11 •2 = -Rn_ 1 
where we have put Rn= oo and the area inside R 0 is treated 
differently, as below. This gives for the general radius 
R k = R0/(1 - k/n) (30) 
We dealt with the problem of estimating the average 
gravity within annular rings on a gravity map by selecting 
an even value of n and taking the average free-air gravity 
anomaly on each ring of odd k which was taken to be 
representative of the area between Rk_ 1 and Rk+ 1. Taking 
R0 = 20 km, the data were not sufficiently detailed to justify 
taking more than n = 10, so that gravity was averaged 
around rings of radii R1 = 22.2 km, R 3 = 28.6 km, 
R5 = 40 km, R 7 = 66.7 km, and R 9 = 200 km. In each case 
1 _ 1 - 1.0x 10 -5 m -1 (31) Rk_ 1 Rk+ 1 
We now consider the central area within which the fine 
detail is ideally dealt with by the local surveys but over 
which we are now concerned with the average anomaly and 
its trend. The detail on the map we have used allows us to 
represent he gravity through the Mount Isa- Hilton area 
by a linear trend over the 20 km circle, 
where 
Ag S = Ag O + Ag'x (32) 
Ag o= + 4 x 10 4m s-2(40 mGal), 
x is positive eastward, and by symmetry it happens that the 
value of Ag' is of no consequence. Substituting (32) in 
(26), integrating over a circle of radius R 0, and taking 
h-•0, we obtain 
That is, in this approximation, the average anomaly over 
the circle is the central value. 
Adding the five contributions by (28) to (33) our 
numerical results give 
A[•hgl =-5.6x 10 -9 s -2 (34) 
that is A(dg/dz) is positive, which is opposite to and about a 
third of the value of the observed gradient anomaly in the 
mines. It is difficult to assign a formal uncertainty to (34). 
The mapped gravity anomalies that we used had been 
smoothed, but the pattern was clear, and both mines are on 
a free-air gravity high compared with the average of their 
surroundings, so that the sign and approximate magnitude 
of (34) are unambiguous. The doubt that remains concerns 
the adequacy of our mapping of details of the anomalies 
within 20 km of the mines, but, as we point out, Fourier 
analyses of detailed profiles lead to the same conclusion, 
that correction for free-air gradient anomalies worsens the 
discrepancy between the observed and expected gradients in 
the mines. Thus our doubt about gradient corrections is not 
a strong one but is motivated by caution arising from our 
prejudice that a non-Newtonian component of gravity is 
improbable. 
New Constraints on the Parameters of a Pair of 
Yukawa Terms 
Romaides et al. [1987, 1988], Eckhardt [1987] and 
Eckhardt et al. [ 1988] reported a comparison of a measured 
gravity profile to a height of 560 m in a television mast 
with the profile calculated by upward continuation of a 
detailed surface gravity survey extending to a radius of 220 
km. They found a systematic discrepancy. The data are 
plotted as the gravity residual as a function of height in 
Figure 4b, for direct comparison with the Hilton mine 
gravity residuals in Figure 4a. We use here the convention 
that the residuals are observed-minus-calculated values, 
relative to the surface data, where calculated values assume 
the inverse square law and, in the case of the mine data, the 
laboratory value of G. It is seen that the residuals are 
negative in both cases. This means that whereas the mine 
data indicate a dominant repulsive Yukawa term, the tower 
data require a dominant attractive term. There is no way 
that both data sets can be accommodated by a single 
Yukawa term, because that would necessarily give opposite 
residuals above and below ground, as in Figure 3 of Stacey 
et al. [1987]. This would be a disconcerting conclusion if 
we had not already been persuaded that at least a pair of 
Yukawa terms should be considered [Stacey, Tuck, and 
Moore, 1987] as the most plausible theory [Goldman et al., 
1986]. 
We justify presently the approximation that the pair of 
Yukawa forces that we consider have ranges that are short 
compared with the scale of major structural features of the 
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Fig. 4b. Gravity residuals from the tower observations [Eckhardt, 1987; Eckhardt e al, 1988; Romaides 
et al., 1987, 1988] with theoretical curves for the same parameters a  in Figure 4a. In this case the 
crustal density is assumed to be 2350 kg m-3, so that it would be misleading to combine these results 
with those in Figure 4a, for which the relevant density is higher. 
Earth. Then the gravity residuals at depth z and at height h 
in a region of crustal density p are 
Ag(z) = 2•Goo p [2(b - a)z +av [1 -e-Z/V 1 
-bs[1- e Z/Sl I (35) 
Ag(h) = 2/c Goo p [av[1-e-h/v I -bS[1-e-h/sll 
(36) 
Necessary conditions for both of these expressions to be 




We also notice that if z and h are both very small 
compared with v and s, (35) and (36) reduce to 
Ag(z) • - 2•: Go, ' p(a - b)z 
Ag(h) • + 2• Go, ' p(a - b)h 
so that, given the condition that Ag(z) must be negative, 
there is necessarily at least a limited range of h over which 
Ag(h) is positive. Thus if we accept the combination of 
both data sets in Figures 4a and 4b, we can no longer allow 
consideration of ranges v and s of hundreds of kilometers, 
as could be admitted [Stacey, Tuck, and Moore, 1987] if 
only the mine data are considered. Detailed numerical 
fitting of (35) and (36) to the data in Figures 4a and 4b 
proves even more restrictive. By requiring Ag(z) •-1.6 
mGal at z • 1000 m and Ag(h)•-0.5 mGal at h • 560 m, 
we impose two conditions on the parameters a, b, v, and s, 
so that by selecting values of a and v the corresponding 
values of b and s are also specified. We find that (bs - av) 
increases monotonically with v, almost independently of the 
value of a, and that if v = 500 m, (bs - av)a -- 20 m, which 
slightly exceeds the limit allowed by the coincidence of 
satellite and surface gravity estimates of Glvl•. Ranges 
greater than about 500 m are disallowed. 
The values of a and b are unconstrained, but the 
difference is closely specified for any value of v. Similarly, 
a(s/v-1) is approximately fixed by the choice of v but is 
unaffected by the value of a. Thus there remains quite a 
wide range of parameters that appears more or less 
admissible, but the restrictions are important. However, 
detailed fitting of both of the residual curves in Figure 4 by 
a single set of parameters requires another assumption 
concerning the misfit of the surface data point due to error 
in surface density. We have here chosen not to apply such 
a correction but instead present two different 
parameterizations that bracket both data sets. We find that 
the mine data favor rather longer range forces than are 
indicated by the tower data and note that the disagreement 
may be reduced substantially by acknowledging the 
uncertainty in the shallowest densities in the mine 
observations, effectively decoupling the surface data point 
from the others in Figure 4a, allowing these data to be 
arbitrarily shifted downward in the figure (but retaining 
their relative positions). Thus we cannot justify 
consideration of an equation still more complicated than 
(•). 
The conclusion of Eckhardt et al. [1988] and Romaides 
et al. [1988] that the tower data are incompatible with 
Newton's law is of particular interest to the geophysical 
search for evidence of such effects. The upward 
continuation calculations that they used do not depend on 
the densities in the underlying strata, so that the problem of 
adequately determining densities, that consumed so much 
effort in the mine experiments, does not appear. Further, 
upward continuation of a gravity anomaly pattern is a much 
more secure and error-free process than the downward 
continuation that must be applied to correct the mine 
observations. In v_iew of the detailed and extensive survey 
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data that were used and the favorably flat terrain this may 
be the cleanest of the fifth-force experiments o far. 
Discussion 
Of the new gravity experiments that have been started 
since the appearance of the Fischbach et al. [1986] article 
reexamining the E/Stv6s data, most are directed to the 
composition-dependence question. The mine gravity data 
are insensitive to composition effects and so have appeared 
to be somewhat protected from the discussion arising from 
apparent incompatibilities between results of recent 
experiments. The tower observations are similarly 
insensitive to composition-dependence effects. However, 
the reverse is not true as the ranges and magnitudes of 
postulated forces are constrained by the geophysical data, if 
it is accepted that any non-Newtonian gravity component is 
composition-dependent and that we are not considering 
independent phenomena. 
Recognition that even with two Yukawa forces, 
geophysical observations now restrict the ranges to 
hundreds of meters rather than hundreds of kilometers is 
clearly important to interpretations of the composition- 
dependence xperiments. It is only the local geological 
structures and topographic features that can be relevant, so 
that the sites of the cliff experiments of Thieberger [1987] 
and Boynton et al. [1987] were indeed well chosen, and we 
cannot appeal to difficulty with poorly understood eep 
structures to explain the discrepancies between these results 
and also those of Stubbs et al. [ 1987] and Ad•lberger et al. 
[1987]. That is, if there are not more than two force's! 
At this stage we cannot be confident hat the nature of 
the phenomenon that we are groping for has been 
understood at all. The equations and analyses applied could 
still be irrelevant, and we cannot tell which, if any, data sets 
need to be discarded. However, if even a fraction of the 
data are correct, it is clear that we are looking at a new 
physical phenomenon and that geophysics has a vital role to 
play in its elucidation. 
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